to study in open populations. Therefore, we concomitantly assessed the epidemiological, microbiological, and human-genetic carriage-related factors in a nearly closed population.
contact with animals [2, 6, 7, 13] . Antibiotic exposure affects the susceptibility of the colonizing strains [14] [15] [16] .
Genetic polymorphism among humans also influences the carriage state. Thus, the GG homozygosity of the exon 9b polymorphism of the glucocorticoid receptor gene was found to be associated with a 68% reduction in the risk of persistent carriage in a group of elderly subjects from Rotterdam, whereas carriers of the codon 23 lysine allele were at an increased risk of 80% [17] . The IL4-524 C/C genotype was also associated with an increased risk of persistent carriage, whereas a specific haplotype of the C-reactive protein (CRP) gene was overrepresented in individuals who were not colonized [18] .
Nasal strains of S. aureus of worldwide origin belong to a relatively small number of clonal complexes (CCs), defined by their multilocus sequence type (MLST). Clones may sometimes expand locally [19] . Most strains are distributed among the 2 phylogenetic groups of the S. aureus population called 1 and 2 [20] , but highly divergent clones, such as clone ST152 from Bamako (Mali) [5] , or the clonal complex CC75, found in remote aborigines from northern Australia [21] , may predominate. Specific genetic traits of these nasal S. aureus strains [6, [22] [23] [24] may also play a role in colonization.
However, the complex interplay between host genetics, epidemiological risk factors, and bacterial characteristics that results in S. aureus nasal carriage is difficult to apprehend fully when genetic mixing and population mobility are intense, bacterial exchange is frequent, and the sources of antibiotics not clearly traced, as has been the case for the studies performed thus far in open populations. Here, we attempted to overcome these problems by concomitantly assessing the epidemiological, microbiological, and human genetic carriage-related factors in a group of ethnically homogeneous, geographically isolated, healthy adults with minimal contacts with the outside world, whose antibiotic exposure had been precisely documented.
METHODS
Population and study design. We conducted 2 prevalence studies of S. aureus nasal colonization in October 2006 and June 2008 among Wayampi Amerindians in the village of TroisSauts, isolated in the Amazonian forest of French Guiana (2Њ15'0.99"N, 52Њ52'58.99"W), and 100 km from the closest village (2-day motorboat trip). Access is restricted to residents. The villagers form part of an ethnically homogeneous [25, 26] , traditional community of 525 individuals, distributed among 4 hamlets spread along 6 km of the Oyapock River. All villagers have a similar way of life. They share large huts with no latrines or other hygienic facilities. They use few areas along the river for drinking, bathing, and disposal of human waste. They eat local food (crops grown in a traditional manner and meat from fishing or hunting) [27, 28] . They do not raise farm animals except for a few free-roaming chickens. All villagers have personal health records kept in a health post located in the village, where permanently resident paramedical officers provide full and free medical care, including antibiotics, following guidelines derived from those used in metropolitan France. The officers record all clinical events and drug prescriptions. When necessary, the villagers are hospitalized in Cayenne, the capital of French Guiana.
In 2006, all villagers aged 118 years were asked to participate were asked to agree to another nasal swabbing (identically processed) and to provide a saliva sample for human DNA collection after being given complete information and signing a new informed consent form. About 2 mL of saliva was collected from each participant, in Oragene DNA containers (DNA Genotek), which were kept at ambient temperature, as recommended, until their transfer to France. Microbiological analysis. Nasal swabs were immediately inoculated onto mannitol salt agar slants in screw-capped tubes (BioMérieux) and were kept at ambient temperature until they arrived, ∼2 weeks later, in metropolitan France. The ambient temperature was in a range that allowed dense bacterial growth on the slants. Subsequently, the entire growth was used to make a heavy suspension in brain heart-infusion with 10% glycerol broth. This material was further stored at Ϫ80ЊC. One hundred microliters of storage broth were plated on mannitol salt agar plates (Biorad) and incubated for 48 h at 37ЊC. Mannitolpositive clones were identified as S. aureus by conventional techniques. Susceptibility to antibiotics was assessed by the disc diffusion method, as recommended elsewhere (http://www.sfm .asso.fr/). Species identification and resistance to methicillin were confirmed by real-time triplex polymerase chain reaction [30] .
MLST types were determined as described elsewhere (http:// saureus.mlst.net), except that the primers used for amplification of the tpi gene were modified [31] and those for the aroE gene were redesigned for 43 strains, as described elsewhere [4] . Allele and sequence type (ST) assignments were determined using the S. aureus MLST database (http://saureus.mlst.net), and the CCs were determined using eBURST (http://www.eburst .mlst.net) [32] . Phylogenetic analysis was performed using the neighbor-joining algorithm, as implemented in MEGA, version 4.0 [33] . The heterozygosity (H) of the 2006 and 2008 S. aureus collections of strains, defined as the probability that 2 strains taken at random have different STs, was calculated using Multilocus v1.3, as described elsewhere [34] . The diversity index was defined as 1-H. The estimated coverages of the 2006 and 2008 S. aureus collections of strains were obtained using SPADE program (http://chao.stat.edu.tw/softwareCE.html). spa typing was performed using the Ridom Staph Type standard protocol (http://www.ridom.com) and the Ridom SpaServer (http:// spa.ridom.de/index.shtml). agr locus groups were determined as described elsewhere [35] . Toxin production patterns were determined by polymerase chain reaction-mediated screening for the genes encoding staphylococcal enterotoxins (se) A, B, and C (sea to sec), toxic shock syndrome toxin 1 (tst), exfoliative toxins A and B (eta, etb), and Panton-Valentine leukocidin (luk-PV) [35] . Human genotyping. Total saliva DNA was extracted using the Oragene DNA Isolation kit, as recommended by the manufacturer. The yield was 2.4-77 mg of DNA per sample. Volunteers were genotyped for the single nucleotide polymorphism (SNP) of 2 known functional glucocorticoid receptors, haplotypes 3 (reference single polymorphism accession number [rs] 6198) and 5 (rs6190), of IL4 (C-524T, rs2243250), CFH (C402T, rs1061170), and CRP (C1184T, rs130864; C2042T, rs1205; C2911G, rs3093068) [17, 18] . Human genotyping was performed blindly without knowledge of bacterial carriage status. Epidemiological data. Demographic data, life style and environmental data, medical history, and antibiotic usage during the year before sampling were collected for each volunteer during the first sampling campaign (October 2006), with use of a standard data collection form. For all the villagers not included, information was also collected concerning any antibiotic treatments during the year before sampling, their genealogy, and the location of their households.
Statistical analysis. Persistent carriers were defined as volunteers whose nasal cultures were positive for S. aureus in both 2006 and 2008. Nonpersistent carriers included all the others, according to a recently suggested classification scheme [11] . We compared the epidemiological characteristics of persistent and nonpersistent carriers with use of R software (version 2. (Table 1) . Volunteering rates differed from one hamlet to another and were higher among villagers living in the smallest hamlets (hamlet 3 and 4). Overall anti- In bivariate analyses, persistent nasal carriage was not significantly associated with any risk factors defined by sociodemographic, life style, and geographical characteristics (Table 3) . No significant difference in medical history or direct or indirect antimicrobial exposure was found either (Table 4) , except for 8 volunteers with chronic diseases, who seemed to be at higher risk of persistent carriage (odds ratio, 23.4 [95% confidence interval, 2.8-1082.8]). However, this risk dropped to nonsignificance after Holm's adjustment for multiple testing. Recentness of treatment was not associated with carriage either (data not shown). We could not show any significant association between the carriage of antibiotic-resistant strains and specific antibiotic consumption (data not shown).
Host genetic analysis showed that in the population studied, the CFH C402T and CRP C2911G alleles, as well as the 2 known functional glucocorticoid receptors (haplotypes 3 and 5), were highly homogeneous (!3% variation), and these alleles and receptors were therefore not included in further analysis (data not shown). P values for differences between persistent carriers and noncarriers were .02, .12, and .20 for CRP C2042T, CRP C1184T, and IL4 C524T, respectively. However, the global distribution of these 3 alleles was significant ( , by global P p .02 test; Table 5 ).
Microbiological results. In 2006, 51 (78.5%) of the carriers exhibited S. aureus phylogenetic group 2, including ST1, ST5, ST15, ST97, ST188, ST1293, and ST1292, whereas only 2 (3%) carried S. aureus phylogenetic group 1, including ST30 and ST398 (Table 6 ). All these S. aureus strains, except the singleton ST1293, were classified as 1 of 6 CCs, among whom CC1, CC15, and CC5 were the most frequent. Strikingly, the remaining 12 carriers (18%) had the ST1223 strain, which is highly divergent from all the STs in phylogenetic groups 1 and 2 ( Figure 1 ). In the MLST database, ST1223 was closely related to ST75, which was not encountered among the villagers.
Overall, the diversity index of the strain collection was low, at 0.834, and the estimated sample coverage was high, 0.923. The isolates were highly homogeneous in terms of spa typing, agr typing, toxin-gene content, and antibiotic susceptibility patterns. Only ST5 isolates were more diverse, displaying 5 patterns (Table 6 ). Ninety-nine percent of the isolates were resistant to penicillin, but none were resistant to methicillin, and only a low percentage were resistant to other antibiotics (7 [11%], 4 [6%], and 1 [1.5%] were resistant to rifampin, erythromycin, and multiple antibiotics [ie, kanamycin, tobramycin, tetracycline, lincomycin, pristinamycin, and sulfamethoxazole plus trimethoprim], respectively) ( Table 6 ). Resistance patterns were significantly associated with ST distribution; for instance, all ST1 strains were associated with resistance to penicillin and fusidic acid (Table 6; ). P ! .001 In 2008, most strains (52; 58%) belonged to phylogenetic 
NOTE. CC, clonal complex; E, erythromycin; Fa, fusidic acid; K, kanamycin; L, lincomycin; ND, not determined; P, penicillin; Pri, prinstinamycine; R, rifampin; S, susceptible strains; ST, sequence type; Sxt, sulfamethoxazole plus trimethoprim; T, tobramycin; Te, tetracyclin. a All S. aureus strains were negative for etb toxin gene. group 2 (including ST1, ST5, ST14, ST15, ST72, ST97, ST188, and ST432), whereas only 6 (6.7%) belonged to group 1 (including ST30, ST398, and ST718). The proportion of ST1223 strains (31; 34.8%) was higher than in 2006, whereas that of ST15 was lower. All the strains were grouped into 7 CCs, of which 2 (CC5 and CC1) were predominant, and none of the 5 others exceeded 10%. As in 2006, most strains (71; 79.8%) could be grouped into a small number of STs, including ST1, ST5, ST188, and ST1223. The diversity index remained low, at 0.816, and the estimated sample coverage remained high, at 0.966. Both parameters did not significantly differ from those found in 2006. The spa and agr types, as well as toxin and antibiotic susceptibility patterns, were again highly homogeneous within ST1223, ST188, and ST1. However, ST5 strains were again more diverse (Table 6) . Compared with 2006, new spa types emerged for several STs, such as t105, t127, t1635, and t376 in ST1223, and t267 in ST97 (Table 6 ). Interestingly, in 2006 the distribution of the STs among the different hamlets was homogeneous, whereas it was not homogeneous in 2008 ( and , respectively, by x 2 test) when minor STs P p .41 P ! .01 were sometimes grouped, such as 3 ST72 strains in hamlet 2, 2 ST432 in hamlet 4, and 2 ST718 in hamlet 1. However, spatial distribution of most prevalent STs (ST1223, ST5, ST1, and ST188) was always evenly distributed among the hamlets.
Among 40 persistent carriers (26%), only 9 (22.5%) had the same ST in both 2006 and 2008 (Figure 1) . However, only 4 of the 9 displayed the same spa types, antibiotic susceptibility, and toxin patterns.
DISCUSSION
We studied nasal carriage of S. aureus in the framework of an isolated ethnically homogeneous remote population, whose antibiotic exposure was even higher than the already very high 1.11 antibiotic prescriptions/subject/year observed in metropolitan France [39] . In this population, with high rates of staphylococcal colonization and well documented demographic and clinical data, host genetics appeared to play a key role in the susceptibility of the population studied to persistent S. aureus nasal colonization.
The main characteristics of volunteers were representative of all adult villagers, although we observed differences in enrollment based on village location (65% of all adults in hamlets 1 and 2 vs 88% in hamlets 3 and 4 participated). Indeed, we did not feel that it was a significant bias because the villagers from all the 4 hamlets shared a similar way of life. Moreover, hamlets 3 and 4 are the smallest ones, and the volunteers from these hamlets contributed only 18% of all volunteers.
Although the 26% prevalence of persistent carriage we observed in Trois-Sauts is within the range reported elsewhere [6, 12] , the point prevalence rates observed in 2006 and 2008 (42.2% and 57.8%, respectively) were much higher than those reported in western adult communities [2, [4] [5] [6] . In these communities, better socioeconomic conditions and hygiene and smaller families are thought to have induced a decrease in overall colonization rates over time [6] . Technical variations in sampling or processing may also explain some of these differences. However, using the same basic techniques in the urban community of Bamako Mali, we observed a much lower carriage rate [5] . The high carriage rates observed in Trois-Sauts, both in 2006 and 2008, were probably attributable to high interpersonal transmission rates and a consequence of living in large family groups without hygiene facilities.
The probability of frequent crosstransmission between villagers in Trois-Sauts was also supported by the low diversity index of the strains isolated in both 2006 and 2008. However, comparative data are scarce in the literature. Diversity indexes, if calculated from raw data [4] , are always higher in urban community populations in France, Algeria, Moldova, or Cambodia (0.92, 0.93, 0.92, and 0.91, respectively) than in TroisSauts. This, however, may have been because in these cities there were fewer interpersonal relationships between the subjects studied. By contrast, the diversity index calculated from the data we obtained in Bamako, where we also studied an open community, was just as low as in Trois-Sauts (0.86) [5] . This requires additional investigation. The homogeneity of Trois-Sauts isolates was also shown by the limited variations in agr and spa types, as well as in their toxin-gene content and antibiotic resistance patterns. An exception was ST5, which has also been described as genetically quite diverse in other countries [40] . In addition to not being very diverse at the individual clonal level, the population of S. aureus strains from Trois-Sauts was also stable, because only a few new STs appeared between 2006 and 2008. This suggests that the clones present were adapted to this population. The predominance of a given ST, as in the case of ST1223 here, has already been described in populations in specific geographical areas, for instance, ST152 in Mali [5] or ST121 in China [41] . This predominance may be attributable to specific bacterial-host relationships but is also highly divergent from all other S. aureus genotypes and had only previously been isolated in Cambodia [4] . It was closely related to other STs, but those have only been described in remote aboriginal communities in northern Australia [21] . Such associations between populations living under variously isolated conditions and clones of highly divergent S. aureus may reflect ancient human migrations and coevolution between bacteria and their hosts, as has been described for Mycobacterium tuberculosis [42] , Helicobacter pylori [43] , and Streptococcus mutans [44] .
Several highly unusual characteristics were observed in the persistent carriers. First, only 10% of them carried the same strains over time, which differs from what has been documented in European Caucasians [45, 46] . This may be attributable to the high crosstransmission rates of S. aureus strains, with an end result that each individual was often exposed to most of the strains present in the village. Moreover, some subjects may have been carriers of several strains, as described elsewhere [47] . This might have slightly increased the likelihood to recover the same S. aureus type twice. However, the prevalence of such carriers of multiple strains is reported to be low [47] . Thus, any possible bias resulting in our study from studying only 1 strain per carrier is only very limited and would not change the global significance and analysis of our results. Second, no epidemiological risk factor was significantly associated with persistent nasal carriage, unlike what has been observed in various other communities [14, 19] . Similarly, no antibiotic exposure was linked with the carriage of resistant strains, contrarily to what has been described, not only in hospitalized patients [14, 48] but also in the community [15, 16] . Here, the absence of such a link did not seem to be attributable to a selection bias, because 65% of the adults were volunteers and exhibited no significant epidemiological or demographic differences, compared with nonvolunteer adults. Note that when we studied the carriage of intestinal, resistant gram-negative rods in the same population, we did not find any associated risk factors either [49] . It is possible that these scant epidemiological results were attributable to a lack of statistical power, because our analyses concerned a relatively small population.
We found a significant association between persistent carriage and given sets of SNPs for CRP genes (C2042T and C1184T) and IL4 genes (IL4 C524T), as reported in another population comprising a large cohort of elderly volunteers [17, 18] . However, the results obtained here are particularly striking, because the population studied was small and genetically very homogeneous, as shown by the very low diversity observed for 4 of the SNPs tested. In the present study CRP C2042T was the most significant genetic marker for carriage. This may be a consequence of higher discriminatory power because of higher polymorphism of this marker in comparison to CRP C1184T and IL4 C524T. The 3 polymorphisms may to some extent have been responsible for the globally significant association. Whether there was a positive selective pressure on these genotypes in the Trois-Sauts population has still to be determined. However, in the absence of any functional data on these SNPs, all such possibilities remain highly speculative. In any case, the Trois-Sauts population is now an excellent candidate cohort for further genetic work; for instance, genome-wide association studies could be used to identify novel genetic markers of staphylococcal carriage [50] .
Taken together, our results show that in a population with little contact with the outside world, rates of nasal S. aureuscolonization were high and caused by a limited number of strains, one of which was highly prevalent and had an unusual genetic background, suggesting frequent crosstransmission. The predominant factor affecting persistent colonization by S. aureus was not an epidemiological risk factor or antibiotic exposure but a specific set of genetic polymorphisms of the host. If confirmed, this finding may have important consequences for the future control of S. aureus colonization and dissemination.
